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DNA nanoswitch mismatch discrimination investigated using steady-state and time-resolved fluorescence of 2-amino purine.
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Abstract
DNA nanoswitches can be designed to detect unlabelled nucleic acid targets and have been shown to discriminate between targets which differ in the identity of only one base. Here we demonstrate that the fluorescent base-analogue, 2-amino purine (AP) can be used to obtain structural information about these nanoswitches and identify the basis of their discrimination between these similar targets. In particular, we have used both steady-state and time-resolved fluorescence spectroscopy to determine differences in base stacking at the branchpoint of nanoswitches assembled using complementary targets and targets which incorporate single base mismatches.

Introduction
There remains sustained interest in developing new approaches to biomolecular recognition. This is driven by the objectives of, for example, increasing sensitivity and eliminating the need for fluorescent labelling. Recently, we have shown that a DNA nanoswitch capable of detecting unlabelled DNA and RNA oligonucleotides can be formed by hybridisation of a probe and target. Importantly, the switch behaves differently depending on the presence and nature of single base mutations in the target.1 The nanoswitches are based on the Holliday Junction (HJ), a naturally occurring intermediate structural element involved in homologous DNA recombination. Their mode of action is shown in figure 1. The probe is a long oligonucleotide containing a pair of fluorescent dyes (which act as Fluorescence Resonance Energy Transfer (FRET) Donor and FRET Acceptor), two complexed arms and two uncomplexed arms. On hybridisation of the uncomplexed arms with an unlabelled target, an HJ-like structure is formed which is capable of switching between distinct conformations. Figure 1 shows how addition of cations such as Mg2+ can cause a transition between the open structure and a closed structure. 

Figure 1
The DNA switch. Assembly (probe and target hybridisation) and Mg2+-dependent switching of the device. “D” is the position of the donor and “A” is the position of the acceptor.

Several biophysical techniques have now been used to study the sequence dependence of HJs and HJ-like switches. In particular, steady-state and time-resolved FRET measurements have shown that mutations of the target, especially those leading to mismatches in the region of the branchpoint, cause changes to the properties of the switch such as the distance of closest approach of the arms2 and the concentration of Mg2+ required for switching1. Miick et al also found that varying the sequence of a perfectly matched HJ in the region of the branchpoint led to the population of more than one conformation3 and Lilley et al reported sensitivity of junction structure to single base mutations at the branchpoint.4 These studies demonstrate the sensitivity of the Holliday Junction to sequence variation and underline the need for greater understanding of structure-function relationships when designing probes to detect target mutations. 

To date, where fluorescence has been used to study HJs, FRET has been the predominant mechanism employed. Here, we report preliminary results for the use of 2-amino-purine (AP) to study HJ structure and properties and specifically for the study of sequence-specific nanoswitches. AP is a fluorescent analogue of adenine which base pairs with thymine; this base pairing has been shown to cause minimal disruption to the β-helical structure of the duplex.5, 6 While the free nucleoside is a strong fluorescence emitter from the π* state7, 8 (unlike natural bases), its emission is strongly quenched within the double helical nucleic acid structure and it has thus found extensive use in the study of nucleic acid and nucleic acid-protein structure.9-14 Furthermore, time-resolved emission analysis has been used to quantify these quenching rates, giving greater insight into the base environment (the dynamics of base movement and base-base interactions) in the helix.12, 14, 15 

Specifically, the decay of AP nucleoside in solution is monoexponential with a lifetime of ca. 10ns at 20°C.12 When incorporated in a duplex, AP is quenched, and it is necessary to use a combination of four distinct lifetimes instead of one to describe the overall decay. The longest lifetime, which is similar in lifetime to the free dye, is attributed to AP in an extra-helical or solution-like environment, where there is no base-base interaction and negligible quenching. The two intermediate lifetimes of approximately 2 and 0.7 ns are not well characterised but may correspond to two distinct conformations intermediate between the solution-like and fully-stacked states.14 The shortest lifetime, typically < 100 ps, has been the subject of considerable study and is accepted to be the result of quenching of excited AP by a process which is strongly dependent on base stacking within the helix15-17. The degree of stacking-mediated quenching can also be influenced by the identity of nearby bases, with guanine having the strongest quenching 
effect18-20. This quenching is dynamic and is thought to be the result of thermally-activated structural fluctuations, which induce effective base stacking and efficient quenching.21, 22 Crystallography suggests that the bases of the branch point are better stacked in the closed conformation than in the open conformation of the HJ.23-25 Since quenching of AP is thought to be largely controlled by stacking, we sought to understand whether we could use this property in the study and design of DNA nanoswitches. Bases are imperfectly stacked when the nanoswitch is open, since electrostatic repulsion forces the arms apart and induces strain in the helical structures, particularly at the branch point. Upon addition of Mg2+, screening of phosphate charges allows the nanoswitch to close. Closure enhances the stacking24; we therefore investigate whether by positioning an AP at the branchpoint fluorescence emission may be modulated depending on whether the nanoswitch is open or closed. Further, we investigate whether switches assembled using targets which are not perfectly complementary exhibit differences in fluorescence lifetime which give insight into the disruption of stacking by the mismatched nucleotide. 












   DS1
Figure 2.
Scheme of molecules used in this study. Target is shown in blue with the 10th and 11th bases shown in red and green respectively. Positions of AP molecules are shown in italics. DS1 is a double stranded, linear duplex DNA with the same sequence as the AP-containing arm of the closed nanoswitch. 

Experimental
DNA probes:
 (5-TGCATAGTGGATTGCATTTTTGCA2TCCTGAGCACATTTTTGTGCTC1CCGAATCCCA-3)
were synthesized (Eurogentec) with 1 and 2 representing the positions where 2-amino purine was substituted for adenine in NS1 and NS2 respectively. 
DNA Targets: 
The complementary target 5-TGGGATTCGGACTATGCA-3 (Eurogentec) is designated T1 and variants are named on the basis of single base mutations e.g. in T11T, the 11th base has been changed from adenine to thymine. To make nanoswitches, probe and 5-fold excess target DNA oligonucleotides were assembled in 20 mM Tris/HCl (pH 7.5), and 50 mM NaCl. Molecular biology grade water (Sigma) was used for all studies.

All chemicals (e.g. buffers, NaCl, MgCl2 and AP) were obtained from Sigma-Aldrich and used as received unless otherwise stated.
 
Steady-state fluorescence
Steady-state fluorescence measurements of the probe and probe-target complexes were measured using a Fluoromax Spectrofluorometer (Horiba Jobin Yvon Ltd., UK), with excitation at the maximum excitation wavelength of 309 nm and emission measured over the range 320-500 nm. The AP emission peak was at 374 nm. The samples (50 µL, 2µM) were measured in the absence and presence of Mg2+ by manual addition of MgCl2 to the cuvette. We confirmed the maximum excitation wavelength by running excitation spectra prior to obtaining emission spectra (see supplementary material). 

Fluorescence lifetime measurements
AP excitation was achieved at 305 nm using a mode-locked frequency-tripled Coherent MIRA 900-F titanium sapphire laser system. The output repetition rate was reduced to 4.75 MHz using an external pulse picker.
For each sample, AP fluorescence decays were collected at 90 degrees to the excitation. The emission was passed through a monochromator set at one of three emission wavelengths around the emission peak; 375, 380 and 385 nm, with a bandpass resolution of 10 nm. An emission polariser was set at the magic angle, with respect to the excitation polarisation, to negate anisotropy artefacts.

The decays in intensity, I, produced from the observed decays after adjustment for the instrument response function were fitted to the equation:

where αi are the fractional amplitudes of the minimum number, i, of lifetimes, τi required to give a good quality fit. These are normalised such that .
Analysis of individual decays was achieved using a standard reconvolution algorithm (Edinburgh Instruments F900 software), with the fit quality assessed in terms of the randomness of residuals and the low value of the reduced chi-square statistic (2 close to 1). Multiple measurements of a single sample were analysed globally, with a single global 2 and set of parameters, using Edinburgh Instruments FAST software. As these lifetimes are obtained from the same fluorophore, whose radiative decay rates can be considered approximately constant, each lifetime corresponds to a discrete fluorophore environment. Each normalised αi thus corresponds to the fraction of the fluorophore in each environment, i, at t = 0, the instant of excitation. This in turn corresponds to the fraction of each fluorophore at ground state equilibrium26. We follow the convention that increasing i corresponds to components with increasing lifetime. While global fitting in this manner does not generate error values for each component, we can estimate maximal errors in the measurement by examining the standard deviations for a individual fits: typically α1 gives 0.01, α2, 0.003, α3, 0.003, α4, 0.002, τ1, 0.002, τ2, 0.03, τ3, 0.1 and τ4, 0.15. Since these standard deviations represent the maximal standard deviations from single fits and global fitting of three decays should lead to a decrease in the error, we can thus consider these to be representative of the maximum standard deviation in the measurements.

Results
Steady-state fluorescence
First, we examined whether, by positioning an AP at the branchpoint of a nanoswitch, we could distinguish between open and closed conformers. We used the same sequence previously characterised using FRET1, 2 and substituted AP into the branchpoint (position 48, figure 2) in place of adenine. The base in this position does not directly base-pair with the target (T1) and when in the closed conformer is not in the same helix as the target. We assembled the nanoswitch using an excess of complementary target sequence and confirmed using gel electrophoresis that target and probe were bound (data not shown). 



Figure 3
AP Emission spectra for open and closed nanoswitches, with and without target.
 
We have previously shown using FRET that a magnesium concentration significantly greater than 100 µM induces nanoswitch closure.1 We therefore investigated whether there was a distinct AP emission signature for closure. Addition of Mg2+ (final concentration 5 mM) to the open nanoswitch causes the AP emission to be quenched to 34% of its original level (emission measured at 375 nm). The probe without target is only quenched to 67% of its original value on addition of an equivalent amount of Mg2+ (figure 3), indicating, as expected, less efficient folding in the absence of switch formation. As AP nucleobase is not quenched by Mg2+, (see supplementary material) direct quenching of AP by Mg2+ is not a viable explanation. 

Further, we measured the emission from a double-stranded DNA which mimics the AP-containing duplex arm formed in the closed nanoswitch (DS1 in figure 2). This duplex only undergoes very slight steady-state emission intensity reduction (4%) on addition of Mg2+ and shows very similar emission intensities compared to the closed nanoswitch at the same concentration. This implies that the AP in a closed nanoswitch is in a similar environment to the AP in this double helix mimic, and that the changes in emission intensity are due to changes in nanoswitch configuration. Positioning AP in one of the double-stranded arms of the nanoswitch (NS2) leads to negligible quenching on equivalent addition of Mg2+, confirming that the quenching is specific to AP located at the branchpoint (figure 4). 

Having characterised the extent of steady-state quenching caused by closure of a switch assembled using the perfectly matched target (T1), we investigated switch-induced quenching when using targets with single base-mismatches at the branchpoint. The degree to which target mismatches affect AP emission from nanoswitches on addition of Mg2+ varies considerably (figure 4a) and falls broadly into three categories: mismatches which lead to large emission intensity reduction, comparable to matched target, (T11G, T11C and T11T); mismatches which lead to smaller emission intensity reduction comparable to probe without target (T10C); and mismatches which lead to intermediate emission intensity reduction (T10A and T10T). The simplest explanation is to attribute the degree of emission intensity reduction to the degree of nanoswitch closure. This should then correlate with the decrease in the average fluorophore separations measured in these nanoswitches with FRET dyes at the end of the arms2; we find general correlation, but some notable exceptions. FRET studies have shown an average fluorophore separation of 40.5 Ǻ in the perfectly matched closed nanoswitch and 50.5 Ǻ in the open conformation. In FRET studies, a 10C mutation leads to the second largest fluorophore separation on closure (45.9 Ǻ) (indicative of a junction which is incompletely closed) which correlates with the smallest degree of AP quenching. These results also agree with the work of Duckett et al who found that C-C mismatches are particularly destabilising to DNA junction structure4, generally resulting in incomplete closure. In FRET studies, 10A and 10T mutations gave average fluorophore separations of 45.4 Ǻ and 44.1 Ǻ respectively2 which correlate well with the intermediate degree of steady-state quenching measured using T10A and T10T. T11C is quenched to the same degree as T1 which correlates with its shortest measured fluorophore separation (42.3 Ǻ). However, two notable exceptions are T11G and T11T. While T11G shows AP quenching similar to T1 on addition of Mg2+, it has the longest fluorophore separation (49.0 Ǻ) by FRET. This anomaly may be the result of inserting a guanine base, since guanine has been shown to produce enhanced quenching of AP.8, 18-20 T11T has an intermediate fluorophore separation (44.2 Ǻ) but is quenched to the same degree as T1 on addition of Mg2+. This may be the result of an altered junction structure; we will probe this further using fluorescence lifetime measurements. 
 
Figure 4
Quenching of AP in nanoswitches assembled with different targets: a - using NS1 and b - using NS2. The % quenching is calculated as [(AP steady-state emission at 375 nm without Mg2+)/(AP steady-state emission at 375 nm with 5mM Mg2+) x 100]. Error bars represent the standard deviation of triplicate measurements.

In order to confirm that these changes in nanoswitch conformation are specific to the branchpoint, we measured the extent of switch-induced quenching using nanoswitches assembled from probe (NS2) containing AP in one of the double stranded arms rather than at the branchpoint, using the matched and several single-base mismatched targets (Figure 4b). In all cases there was minimal quenching on addition of Mg2+, with little difference between mutants, confirming that target mismatches at the branchpoint only significantly affect an AP located at the branchpoint, not an AP located in one of the arms. The above data clearly demonstrate that steady-state emission of AP located in the probe at the branchpoint gives information about nanoswitch conformation and also shows target-specific differences in quenching. 

The basis of our measurement is that addition of Mg2+ causes nanoswitch closure resulting in distinct quenching of the steady-state fluorescent emission of AP positioned at the branchpoint. However, while we see quenching of AP emission in the nanoswitch, we also see a smaller amount of quenching in the case of an incomplete nanoswitch (without target) which indicates Mg2+ induced structural change. In order to deconvolute the effect of switching on the relative populations of the distinct AP environments within the nanoswitch, we have carried out a series of fluorescence lifetime measurements.  

Fluorescence lifetime studies
Figure 5 shows typical AP fluorescence lifetime decays for the nanoswitch NS1 with complementary target, in the presence and absence of Mg2+ (closed and open respectively), along with fits to the data. The fluorescence lifetimes and respective amplitudes for these four components are shown in Table 1, along with comparable data obtained when using NS1 with no target and various single base mismatched targets. As expected, a high quality of fit was obtained when using a minimum of four exponentials while the use of three exponentials resulted in a systematic variation of the residuals (data not shown). This is consistent with AP being present in four distinct environments in the nanoswitch14-17.  Table 1 also quotes the global 2 for each fit which corresponds to a simultaneous fit of all available data, with common parameters αi, τi. 

Figure 5 Fluorescence decays obtained from open (red) and closed (blue) nanoswitches. The fits obtained using four exponentials are illustrated with the solid lines and the residuals obtained are illustrated beneath the main plot. The randomness of the residuals, in addition to the low value of reduced 2 provided in Table 1, has been used to confirm the quality of fit.

The difference in characteristics of a complete (with target) and incomplete (without target) nanoswitch is considerably more distinct when measuring lifetimes than in the case where we only consider steady-state quenching (Figure 4 and Table 1). We note that α1, which reports on the population of the highly stacked environment, 12, 14-17 has the highest value in all cases. Since this population has the shortest lifetime, it contributes least to the steady state emission and it is not surprising that variations in its population are not reflected in steady state intensity measurements. However, this highly stacked environment is likely to be strongly favoured in the closed nanoswitch and disfavoured in the open nanoswitch and so this should be a good reporter of switch conformation.  In our analysis of lifetime results we have therefore concentrated on this well characterised, shortest lifetime and have not inferred structural information from the three longer lifetimes. Examination of the shortest lifetime shows that in the presence of target, α1 increases on addition of Mg2+ indicating that more AP is in this highly stacked environment and τ1 decreases indicating that bases are more favorably stacked. These significant changes are consistent with those expected on closing the nanoswitch. In contrast, in the absence of target, α1 decreases on addition of Mg2+ indicating that fewer AP molecules are in this most highly stacked environment and τ1 increases, indicating that these bases are also less favorably stacked. Thus, in the absence of target, the changes in the shortest lifetime component are not consistent with the formation of the closed nanoswitch configuration (which is expected as a nanoswitch cannot be formed without target). This is a much more distinct difference than the steady-state emission properties, since the product 11 is less sensitive to these differences and contributes relatively little to the overall emission. These data suggest that Mg2+ only causes an increase in branchpoint stacking in the complete nanoswitch and that by examining the lifetime spectra, we can discriminate between a probe with target and a probe without target better than by using steady-state spectra. These results particularly highlight the value of using lifetime analysis as a structural tool to measure branchpoint structural changes by probing populations of AP in particular environments.

Lifetime analysis can also be used to examine the differences between stacking in nanoswitches assembled using matched and single base mismatched targets. For the matched nanoswitches in the open conformation (with target T1), α1 = 0.67. This is a statistically significantly higher value than the probe-single base mismatched target nanoswitches which have values in the range 0.61-0.65 (the only exception being T11T which is discussed further below). The incomplete nanoswitch (no target) has an α1 value of 0.54 which is lower than any of the complete nanoswitches. This is to be expected given that two arms of the junction are unhybridised and the AP is in a less structured environment with less efficient stacking. In the case of linear duplex DS1 with no Mg2+, α1 is 0.73, which is higher than all other cases (except T11T), consistent with the enhanced stacking expected for a fully complementary duplex. In these solution conditions, this value should be considered as indicative of maximal stacking for this sequence. In addition, the stacked conformation lifetime (τ1) is at its shortest for DS1, indicating that AP in the linear duplex experiences more efficient quenching through improved interbase orbital overlap. For each of the open nanoswitches, τ1 is longer than in the linear duplex, indicating that, in addition to a smaller population of AP adopting the stacked conformation, the quenching is also less efficient. Again, this is to be expected since base stacking should be less complete in comparison to a complementary duplex; the marked decrease in 1 is again offset by a corresponding increase in 1 which markedly reduces the effect this has on the steady state emission (governed by the product 11) compared to lifetime measurements. 



	[Mg2+]	α1 	α2	α3	α4		τ1	τ2	τ3	τ4	χ2
No target	0 mM	0.54 	0.20	0.20	0.05		0.07	0.46	2.50	7.52	1.09
No target	10 mM	0.43	0.38	0.13	0.06		0.08	0.20	2.05	7.50	1.05
Matched 	0 mM	0.67	0.15	0.14	0.04		0.08	0.70	2.73	8.70	1.18
Matched	10 mM	0.78	0.09	0.07	0.07		0.05	0.57	2.59	9.96	1.03
DS1	0 mM	0.73	0.14	0.10	0.03		0.04	0.36	2.17	7.70	1.05
DS1	10mM	0.81	0.10	0.06	0.03		0.03	0.33	2.04	8.21	1.05
											
T10A	0 mM	0.61	0.18	0.17	0.04		0.09	0.69	2.66	8.47	1.078
T10A	10 mM	0.74	0.10	0.08	0.08		0.05	0.61	2.70	9.87	1.028
T10C	0 mM	0.62	0.18	0.17	0.04		0.08	0.68	2.70	8.55	1.063
T10C	10 mM	0.64	0.16	0.10	0.10		0.07	0.54	2.69	9.41	1.051
T10T	0 mM	0.63	0.17	0.16	0.04		0.09	0.67	2.65	8.38	1.127
T10T	10 mM	0.74	0.11	0.07	0.08		0.06	0.49	2.46	9.86	1.024
T11C	0 mM	0.65	0.16	0.14	0.04		0.07	0.68	2.61	8.09	1.103
T11C	10 mM	0.80	0.09	0.06	0.05		0.04	0.47	2.34	9.81	1.073
T11T	0 mM	0.77	0.10	0.10	0.03		0.07	0.60	2.55	8.60	1.175
T11T	10 mM	0.90	0.04	0.03	0.03		0.06	0.58	2.52	10.40	1.067
T11G	0 mM	0.62	0.15	0.16	0.07		0.07	0.54	2.55	8.54	1.024
T11G	10 mM	0.80	0.07	0.05	0.08		0.04	0.51	2.69	9.86	1.12
Table 1
Fluorescence lifetimes and amplitudes for all nanoswitches and model molecules studied. Although global fitting software reports χ2 as a measure of fit quality and not individual error measurements, we can estimate, using individual decays, the following standard deviations in the measured parameters: α1 ± 0.01, α2 ± 0.003, α3 ± 0.003, α4 ± 0.002, τ1 ± 0.002, τ2 ± 0.03, τ3 ± 0.1, τ4 ± 0.15.


When considering the changes when switching from open to closed conformations, the most obvious effect is that α1 increases for all but the incomplete nanoswitch; this indicates that all the complete nanoswitches are able to adopt a more stacked branchpoint conformation on addition of Mg2+. While the nature of the mismatch affects the degree of stacking in the nanoswitch, α1 does not exceed the value found for the duplex DS1 (0.81) under these conditions except for the T11T nanoswitch. Since α1 in DS1 represents the population of stacked AP molecules for the fully complementary duplex sequence in 5 mM Mg2+ it is unlikely that AP would be more highly stacked at any branchpoint, and so we attribute the anomalous behaviour of T11T to nanoswitch misfolding (vide infra).  In table 2 we compare the magnitude of α1 with the degree of steady-state quenching and fluorophore separation. The value of lifetime measurements is shown by the fact that the percentage reduction in steady-state emission intensity is similar for T11T, T1 and T11C and does not allow the identification of this anomaly.  The nanoswitch formed with T11C has changes in α1 and steady-state emission that are the most similar to the perfectly matched target. Our FRET studies also showed that T11C has a fluorophore separation closest to the perfectly matched target. T10A and T10T have α1 values lower than T1 and similarly have fluorophore separations intermediate between the open and closed nanoswitches and exhibit an intermediate degree of steady-state quenching. These results therefore show a generally good correlation between FRET and AP fluorescence lifetime studies. The exception is T11G which has the largest fluorophore separation but a high α1 value seemingly indicative of efficient base stacking.     This relatively high degree of quenching (vide supra) is more likely due to the introduction of guanine, which quenches AP emission more effectively than base pairing with the complementary base (adenine). It seems likely this effect outweighs the reduction of quenching due to reduced base pair stacking in this mismatched target. 
 Target	Steady state quenching	α1	FRET Fluorophore separation  (Ǻ)
T11T	33%	0.90	44.2
T11C	33%	0.80	42.3
T1	34%	0.78	40.5
T11G	39%	0.80	49.0
T10T	45%	0.74	44.1
T10A	49%	0.74	45.4
T10C	69%	0.62	45.9
Table 2. Comparison of steady state quenching, highly stacked AP lifetime population results and FRET results in 5 mM Mg2+. FRET results are taken from a previous publication.2

Notably, the lowest α1 value is obtained for the nanoswitch assembled using T10C, which correlates well with FRET measurements which show this mutation to give a relatively large fluorophore separation2 and the work of Duckett et al which showed this mutation to be particularly destabilising4. Although T11T gives the highest α1 (value, greater than a fully complementary duplex sequence) and results in steady state quenching similar to T1, FRET measurements show it to give a relatively large fluorophore separation. When we look closely at the possible structures adopted by the T10C and T11T nanoswitch, they both have potential misfolds as shown in figure 7. 

Figure 7.
Potentially misfolded branchpoint structures with T11T and T10C. Target mutations are shown in red, the position of AP is shown in italics and mismatches are shown in boxes.

The potential misfold formed with T11T moves the AP into a different arm of the nanoswitch, away from the mismatched bases and closer to the quenching effect of proximal guanines in a double helical sequence markedly different to DS1.  This is the likely explanation for the large amount of highly quenched AP indicated by the large values of α1 in both open and closed forms (Table 1).  

With the 10C mutation, α1 is relatively low in both open and closed conformations. In this case, the misfold effectively moves the mismatch into the same duplex as the AP. This has the effect of disrupting base-stacking at the neighbouring base and as guanine quenching involves electron transport through base stacking, decreasing the efficiency of quenching with the guanines on the other side of the C-C mismatch even in the closed conformer. In support of this explanation, mismatches have been shown to interfere with electron transport through monolayers of duplexes attached to an electrode and this has been used as the basis of an electrochemical SNP assay.27, 28 

These data demonstrate that fluorescence lifetime analysis of nanoswitches containing AP can give rich structural information on the local AP environment. The location of the AP in the within the double helix of the nanoswitch gives local environmental and structural information, which leads to a better understanding of the effects of individual mutations on nanoswitch structure.  This is particularly valuable when the AP is located at or near the branchpoint. This information cannot be extracted from FRET, which uses labels external to the helices to enable intramolecular separation to be accurately determined. The two techniques are therefore complementary in their application to structural studies of DNA nanoswitches.

Conclusion
We have demonstrated the use of AP as a probe of structure in DNA nanoswitches. Specifically AP emission is a sensitive probe of changes in base-stacking at the branch point induced by closing of the switch. We have demonstrated that nanoswitches assembled using mutated targets show different degrees of quenching and this generally correlates well with the structural changes inferred by previously reported FRET data2. By extending our investigations to fluorescence lifetime measurements, we have characterised switching on the basis of the populations and lifetimes of the shortest lifetime. This lifetime is indicative of highly base-stacked AP, and is sensitive both to target binding and switching (junction closing). We have used this analysis to gain information on the potential misfolding of nanoswitches that we could not achieve using FRET analysis or steady-state emission measurements. Such structural information will have an important role in designing nanoswitches for discriminating DNA targets in clinical applications.
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